Andreea Laczko (zaharia), Stephane Brisset, Mircea Radulescu. Design of a brushless DC permanentmagnet generator for use in micro-wind turbine applications. Abstract. This paper deals with the optimal design of a direct-driven brushless DC permanent-magnet (BLDCPM) generator over a long-term wind speed cycle operation. Such a large wind speed profile causes long processing time in the search of the optimal solution, therefore a simplification method of the profile based on an original barycenter method is proposed and applied to the power losses computation of the wind energy system. As a result, the optimization methodology relies on two modeling levels different in simulation time and approach and is based on a constrained mono-objective problem with adequate optimization strategy and algorithm that aims at reducing the global system power losses for the given wind speed profile while finding the optimal geometrical and electrical features of the BLDCPM wind generator.
Introduction
Brushless direct current (DC) permanent magnet machines have become widely used in various industrial applications due to the advantages that define them and their ease of control. The lack of brushes in their configuration yields several benefits for this topology as improved efficiency, better reliability, longer life with less maintenance, higher power density and higher torque to weight ratio [1] , [2] . The optimal design of a brushless DC permanent magnet (BLDCPM) generator for the considered architecture of the wind energy conversion system to be studied in order to minimize a specific objective function, i.e. total power losses over one year wind-speed cycle operation, depends on the appropriate selection of the multiple design parameters. The structure presented in Fig. 1 can be considered as a good example of a complex wind energy conversion system (even if limited to the DC bus) as it incorporates subsystems belonging to different physical domains with strong interference between each other, imposing to consider the globalism of the system in the design process, rather than exploring them separately. Therefore, the approach based on design optimization is justified and even necessary for achieving optimal results in a short amount of time. Due to the many operating points within the wind speed profile and because the optimization process requires many evaluations of the objective function, adapted models have to be considered in terms of results accuracy and simulation time. The most preferred is the one based on finite element analysis, because of its high precision. However, it is well known for its huge evaluation time making it a displeasing strategy to be considered in optimization. Nevertheless, it can be used outside the optimization loop as a validation model in order to refine the obtained results. But, when dealing with few initial specifications and many unknown parameters specific analytical and/or semi-analytical models are preferred over the numerical ones, as they perform much faster. This paper describes the considered optimization methodology used in the search of the optimal design of a directdriven BLDCPM generator with trapezoidal induced electromotive force (back-EMF) voltages for use in microwind turbine applications. The optimization process is based on two modeling levels of different time scales and of different approaches, in order to calculate the generator's performances. As the optimization will be performed over a long term wind speed profile, adequate simplification method of the profile is proposed and applied to the power losses calculation of the overall wind energy system. In order to achieve feasible solution several constraints have to be analyzed on the input/outputs of the model, resulting in a constrained mono-objective optimization. Due to the wind speed cycle operation, suitable algorithm and optimization strategy are also considered in order to find the global optimum of the objective function and to reduce the probability of falling into a local minimum.
Modeling description of the wind energy system components

Wind speed profile and wind turbine model
The long-term wind speed profile considered is represented by the mean value taken over one hour of wind measurements, every hour for one year, resulting into 8759 operating points. A problem that can appear when Fig. 1 . Architecture of the wind energy conversion system under study designing the generator over such a long term wind speed profile is linked to the direct-driven variable speed operation, meaning that the many fluctuations in the wind speed are visible in the power and frequency of the generator. As the wind turbine power changes with the cube of the wind speed, its expression emphasizes the importance that the dynamic properties of the wind speed have upon the wind energy conversion system. Hence, the three-bladed horizontal axis wind turbine chosen for this study provides the assessment of the available power in the wind speed [3] as:
with ρair being the air density (kg/m 3 ), Rwt denotes the radius of the turbine-rotor blades (m), , the tip-speed coefficient, vw, the wind speed (m/s), and Cp the power coefficient of the turbine, which provides an idea about how many of the kinetic energy from the air mass can be converted into mechanical energy by the wind turbine. This coefficient can be calculated through interpolation based on the factors provided in [4] .
Simulation models of the generator-rectifier assembly
Two simulation models have been developed to characterize the behavior of the wind energy conversion system. Both of them depend on the sizing characteristics [5] of the generator (Fig. 2a) that is determined beforehand and works as a background function for each of the simulation model during the optimization.
A)
Analytical simulation model [6] : This model is based on the sizing characteristics of the generator, whereas its electromagnetic parameters are derived from the circuit equations of the machine by considering only the amplitude of the involved quantities. It is characterized as the fastest of the models, being very suited for the initial stage of design upon which the optimization could be performed. To be noted that no control is implemented for this model as the commutation of the phases is not explicitly taken into consideration.
B)
Semi-analytical simulation model [6] , [7] : This second model (Fig. 2b ) is developed to take into account the switching pattern that depends on rotor angular position, the hysteresis current-control, as well as the commutation and conduction intervals of the controlled pulse width modulation (PWM) rectifier. It provides a better precision of the output solution than the analytical one, but it engages a long time for the simulation of all the points within the wind speed profile. In order to speed up its evaluation a wind speed cycle partition technique based on barycenter method is adapted to the maximum power point tracking (MPPT) operation area of the wind turbine and implemented in terms of wind energy system power losses. The adopted MPPT control strategy corresponds to an operation of the wind turbine at optimal power coefficient ( _ ) and optimal tip-speed ratio ( ) [7] . The barycenter method divides the wind speed profile into a chosen number of regions ( Fig. 3a) , each region (r) being represented by its barycenter and the necessary parameters ( Fig. 3b ) needed for the losses calculation. The required parameters are derived by assuming, depending on the corresponding power loss expression, the electromagnetic power of the BLDCPM generator proportional to the cube of the wind speed and the rotational angular speed, Ω, linked to the wind speed through the equation of the tip-speed ratio. Accordingly, the electromagnetic torque of the generator is considered proportional to the square of the wind speed, being also expressed as a current dependent characteristic. An explicit description of the determination process of the power losses equations based on the barycenter method is reported in [6] . The expressions for these power losses are based on the equations provided in [4] , [8] , [9] and reformulated afterwards in connection to the barycenter method in order to calculate them for each region as follows:  Mechanical losses [4] , [8] due to friction phenomena :
with the friction coefficient (N.m/rad), the number of points in the region, Ω the corresponding rotational speed (rad/s) of the region in cause, and 〈•〉 denotes the mean value in the region.  Copper losses [8] caused by the induced currents in the stator windings : where represents the phase resistance (ohm) and , the phase current (A) of the barycenter for the considered region.  Iron losses [8] based on the magnetic properties of the materials :
where ℎ and are hysteresis, respectively eddy current loss coefficients which can be calculated from manufacturer data, the pole pairs number and ̂ℎ and ̂ are the peak values of the stator tooth and yoke flux densities.  Conduction and switching losses [9] in the three-phase power converter based IGBT devices with anti-parallel diode units:
, = 6 [ is the average forward current of the diode during phase commutation.
Optimization problem description
Mono-objective function
The objective function proposed for resolution is represented by the minimization of the overall power losses ( _ ) in the system, based on the power flow presented in Fig. 4 , during one year wind speed cycle operation, which indirectly implies the maximization of the output useful power. Other possible objectives could be the manufacturing cost, the reliability of the system, the lifetime expectancy, etc. but the amount of renewable energy provided by the wind turbine is preferred as it is correlated with major environmental concerns such as energy depletion and climate change.
Design variables and constraints
The continuous (c) and discrete (d) type variables of the wind energy system considered to be optimized are presented in Table 1 , along with their associated variation domain. The performance operating points of the wind turbine, i.e. the cut-in, rated and cut-off wind speeds are also set as variables to be optimized in order to provide the optimal turbine power curve and consequently the nominal power of the generator. As they strongly influence the length of the wind profile to be considered in the calculation of the wind energy system power losses and due to the nature of the employed optimization algorithm, their range of definition is slightly narrowed so that the turbine to start its operation at a cut-in wind speed less than the average wind of the profile. The cut-off wind speed is chosen to prevent the forces acting on the turbine structure at high wind speeds to damage the rotor. Depending on the design cost of the wind turbine a lower value can be set for this parameter, however for this study its proposed definition domain was favored to assess the large amount of data within the wind speed profile. The many design variables to be optimized may lead to non-feasible configurations as results of the optimization process. To resolve this difficulty several constraints were imposed on the:  Useful (output) power at cut-in wind speed:
 Generator inner diameter:
 Permanent magnet thickness:
 Maximum temperature of the copper windings: 
Equations (14)- (17) are set of constraints that apply to all regions. The above problem formulation becomes a constrained mono-objective optimization that is solved by using a stochastic method, in particular the genetic algorithm (GA) [10] from the MATLAB® environment to find the geometrical and electrical parameters that satisfy the problem constraints while performing the minimization of the power losses of the wind energy system over one year wind speed profile. The considered control parameters of the genetic algorithm are those listed in Table 2 .
Optimization methodology and results
Single-level optimization approach
The first attempt is to perform the optimization upon the analytical simulation model based on few initial data and specifications, so that a first design that respects all the constraints could be generated. The workflow of the global design optimization process for the single level approach is depicted in Fig. 5 . After 11 minutes and 526,001 model evaluations, the optimization upon the analytical model is finished and the optimum design variables are further used for verifying the obtained results by evaluating with them the semianalytical model over complete wind cycle operation and also the semi-analytical model associated to the barycenter method. It is to be noted that the simulations of the semi-analytical model account for electrical dynamics, as they analyze the generator behavior during one electrical period (0 ≤ t ≤ T), but for mechanical steady-state, since only one wind speed value (i.e. the average wind speed over one hour wind speed measurements for the complete cycle and the wind speed value corresponding to the barycenter of one region for the barycenter method, respectively) is set as input for each simulation. Previous work [6] established that just six regions are enough to partition the wind cycle and approximate, with an acceptable relative error, the total power losses in the wind energy system, as also noticeable in Fig. 6 . The relative errors between the (i) analytical ( ) model with complete cycle (red) and (ii) the semi-analytical ( ) model with barycenter method (blue), for several quantities, are provided. A comparison in terms of computation time and operating points is also given in Table 3 .
Two-level optimization approach
For a refining of the optimization results with analytical model, a correction strategy that uses evaluations of the semi-analytical model associated to the barycenter method is proposed and implemented in the two level optimization approach, as presented in Fig. 7 . As seen in the previous section, some differences arise between the output parameters of the analytical and semi-analytical models under complete cycle operation. This issue is fixed by building a surrogate model that includes the analytical model and a correction on its outputs. The optimization process is started again until the discrepancy between the surrogate (SU) model and the semianalytical model with barycenter method is small enough. The correction is based on output space-mapping technique [11] . The stop criterion of the correction loop (Fig. 7) is:
where the indexes and SU correspond to the semi-analytical model associated to the barycenter method and surrogate model, respectively, while k denotes the iteration. The convergence history for some particular output variables are displayed in Fig. 8 . The optimal results found at the 6 th iteration were then used to compare the electromagnetic behavior of the BLDCPM generator with the semi-analytical model and finite element (FE) method. The cross-sectional model of the machine was thus created and subjected to transient magnetic field analysis by means of JMAG Designer software [12] . To visualize also the electromagnetic torque response of the generator and the stator-winding phase currents for the base operating point, a 2D FE time-stepping analysis was carried out, the obtained waveforms being displayed in Fig. 10 and compared to the ones given by the semi-analytical model. A dissimilarity can be noticed between the electromagnetic torque waveforms of the two models, as well as a relative error of 6% among their average values. This may be justified by the fact that neither the cogging torque (resulting from the interaction of the magnets with the slotted stator), nor the magnetic saturation have been considered in the semi-analytical model.
Conclusions
In this paper the optimal design of a direct-driven BLDCPM generator for use in micro-wind turbine applications has been investigated. The design optimization process is based on two simulation models, one more accurate and the other faster but not so precise and relies on the use of an evolutionary optimization algorithm to find the geometrical and electrical parameters that satisfy the problem constraints while performing the minimization of the power losses of the wind energy system over a long-term wind speed profile. For refined results, an adjustment of the analytical model based on output space-mapping has been implemented by comparison to the semi-analytical one associated to a barycenter method that allows easy exploitation of large amount of data available from the wind cycle. Comparative analysis have also been carried out through semi-analytical model and FE simulations for the optimal design of the BLDCPM generator found at the last iteration in the two level optimization approach.
Appendix
Wind Energy System Parameters
The optimal design parameters (in bold) of the wind energy system found at the last iteration in the two level approach are listed below in Table 4 , along with several other parameters considered fixed during the optimization process: 
